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Abstract in English and Danish 
 
 
 The aim of this thesis is to experimentally prepare polycaprolactone (PLC) fibers via 
electrospinning and to modify them with a layers double hydroxide (LDH)/DNA hybrid. The 
potential for the use of fibermats as a scaffold for human cell growth and its prospect as a wound-
dressing will be examined theoretically. Electrospinning was used to prepare fibers from a 9wt% 
PCL solution which resulted in a fibermat with randomly orientated fibers with a variety of 
diameters. This random structure seems to be mimicking the structure of the extracellular matrix in 
a way that should allow human cells to adhere and spread on the fibers; this potential was 
investigated by a literature search. Furthermore, experiments were made with making electrospun 
composite fibers, where LDH clay was successfully blended with the PCL solution and electrospun. 
LDH clays can act as a carrier of anionic molecules, and this was tested by preparing a plasmid 
containing coding for green florescent protein (GFP), which was added to LDH clay via an ion-
exchange process. The idea behind these experiments is that an electrospun fibermat containing a 
LDH/DNA hybrid can function as a matrix for cell growth, where the LDH/DNA will be able to 
enter living human cells and deliver the DNA. Even though it was not possible to produce a prober 
LDH/DNA hybrid, it is very likely that it will be possible by using a different LDH or another 
method. The prospects to use an electrospun PCL fibermat for biomedical applications are great and 
there are many possibilities to modify the fibers in order to obtain specific properties.  
 
 
Formålet med dette speciale er at eksperimentelt udarbejde polycaprolactone (PCL) fibre via 
electrospinning og derefter at modificere dem med en layered double hydroxide (LDH)/DNA 
hybrid. Potentialet for at benytte fibermåtter som en matrix for human celle vækst og mulighederne 
for at bruge dem som sår-beklædning bliver undersøgt teoretisk. Electrospinning blev brugt til at 
udarbejde fibre fra en oplæsning indeholdende 9wt% PCL, hvilket resulterede i en fibermåtte med 
tilfældigt orienterede fibre med varierende diametre. Denne vilkårlige struktur synes at efterligne 
strukturen i den ekstracellulære matrix på en måde, der sandsynligvis vil gøre det muligt for 
humane celler at klæbe til og sprede sig over fibrene; dette potentiale blev undersøgt via litteratur 
studier. Yderligere blev der udført eksperimenter med at producere electrospunnede fibre 
sammensat af flere materialer, hvor layered double hydroxide (LDH) ler blev blandet succesfuldt i 
PCL opløsningen og derefter electrospunnet. LDH ler kan fungere som en bærer af anioniske 
molekyler, og dette blev testet ved at producere at plasmid indeholdende kodningen for green 
florescent protein (GFP), hvilket blev tilføjet til LDH leret via en ion-exchange process. Idéen bag 
disse eksperimenter er at en electrospunnet fibermåtte indeholdende en LDH/DNA hybrid kan 
fungere som en matrix for celle vækst, hvor LDH/DNA’et vil være i stand til at trænge ind i levende 
humane celler og overlevere DNA’et. På trods af at det ikke var muligt at producere en egnet 
LDH/DNA hybrid, så er det meget sandsynligt at dette dog godt kan lade sig gøre ved at benytte en 
anden LDH eller en anden metode. Udsigten til at kunne bruge electrospunnede PCL fibermåtter til 
biomedicinske formål er betydelige og der er mange muligheder for at modificere fibrene for at 
opnå specifikke egenskaber. 
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GFP  Green florescent protein 
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1. Introduction 
 
 
 This thesis is a continuation of the work performed by Necati Harmankaya 
[Harmankaya, 2007], where the electrospinning method was successfully optimized to produce 
nanoscale fibers of polycaprolactone (PCL), to create fibermats with sub-micron-scale elements. In 
his work it was possible to optimize electrospinning of PCL in regards to solvent, polymer 
concentration, flow rate, needle-to-target distance and applied voltage. 
 The electrospinning method is an excellent technique to produce nanoscale fibermats 
in a controlled and simple way. The method has been used for decades with great success. The use 
of electrospinning allows the preparation of fibers with diameters in the range from nanometers to a 
few microns. This results in a mat with large a surface area per unit mass consisting of fibers with 
random orientation. This kind of surface has the potential to work as a scaffold for guided tissue 
engineering. 
 The choice of PCL as a suitable biodegradable and biocompatible polymer is based on 
the fact that it is a well known and commercially available polymer, with promising potential in 
biomedical applications. It has been reported that human cells cultured on electrospun PCL mats 
support cell attachment and proliferation [Ashammakhi et al, 2007]. 
 The focus in this project will be on the preparation of electrospun PCL nanocomposite 
fibermats which should have improved material properties. A MgAlCO3 layered double hydroxide 
(LDH) clay will be incorporated (modified and unmodified) as nanofillers. The nanofiller will be 
mixed with the PCL solution and the mixture will then be electrospun to obtain a fibermat with 
integrated nanofillers. In order to modify the clay, the choice came upon DNA, which as an anion 
will be possible to insert into LDH to form a LDH/DNA hybrid. It is believed that when using this 
type of matrix, it will be possible to create a scaffold for cell growth with new properties, like the 
possibility to transport DNA inside target cells, while supporting and enhancing tissue growth in 
wound healing. 
 It has been showed that human cells have a strong response to surface features of 
electrospun  fibermats, including strong adhesion, cell spreading and migration [Hasirci et al, 2006]. 
Electrospun polymer fibermats have been of interest, because the nanoscale surface of the produced 
mat has features similar to the protein structure of the extracellular matrix. In particular, the three-
dimensional structure of the mat is similar to the natural basal lamina; this gives the potential to use 
these mats as surface for tissue scaffolds [Ma et al, 2005; Powell and Boyce, 2007]. 
 
The aim of this thesis is  
• to find out, experimentally,  if it is possible to prepare electrospun PCL fibers, and  
• to modify the produced fibermats with a LDH/DNA hybrid. 
 
The potential for the use of PCL fibermats as a scaffold for cell growth and its prospect as a 
wound-dressing material with a build-in DNA delivery system will be examined theoretically. 
 
The aim is fulfilled by explaining the theory of the electrospinning method (section 2.1) 
followed by a theoretically investigation of the materials chosen for producing the fibermats 
(section 2.2) about PCL and LDH clay and modification (section 2.3). The potential for the use of 
PCL fibermats as a wound-dressing material is considered in section 3.1., thereafter a brief 
introduction to the principles of wound-dressing (3.2), and a of the literature considering the 
response of cells grown on electrospun fibermats is investigated in section 3.3.  Chapter 4 is going 
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through the materials and methods used in the experimental part of the thesis and the results from 
these are found in chapter 5. A discussion of the study can be found in chapter 6 together with the 
ending conclusion. 
It is necessary to define the limits of the subjects in this study, to make it clear what to 
expect. Even though there are many promising polymers and polymer blends which could have 
been very interesting to work with in order to fulfil the aim, it was decided to concentrated on PCL 
and only briefly mention other possibilities. It was also important to concentrate on only one 
biomolecule to be a delivered by the LDH clay.   
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2. Electrospinning of composite polycaprolactone 
nanofibers 
 
This chapter gives a presentation of the background and basic theory behind the 
electrospinning method which is the main technique applied in this study and then the chosen 
materials used to prepare the composite polymer fibermats is presented. Furthermore a presentation 
of how LDH clay can be used as a carrier of DNA is given. 
 
2.1. Background and Experimental setup for Electrospinning 
 
 
 Electrospinning is a simple, economical and effective method to produce nanoscale 
fibers from polymers. The use of electrospinning to fabricate non-woven materials was first 
reported in 1934 [Formhals, 1934] and since then the technique has been modified to a range of 
purposes. The ability to create polymer fibers of nanometer dimensions is of particular interest, 
because this size range is otherwise difficult to achieve using traditional fiber synthesis techniques 
of wet, dry, melt, and gel spinning, which are limited to produce fibers with diameters of 
micrometer range or to specific materials [Reneker et al, 2000, Sawicka and Gouma, 2006 & Liang 
et al, 2007].  
 Disordered or non-woven systems are specially of interest for biomedical applications 
(tissue engineering scaffolds, wound-dressing and drug release systems), application of pesticides to 
plants, protective clothing, fiber-reinforced plastics, filter media, and even solar and light sails, and 
mirrors in space [Reneker et al, 2007 & Liang et al, 2007]. The nanoscale diameter of electrospun 
fibers introduce properties like increased surface to volume ratio, modifications of the release rate 
and/or strong decrease of the concentration of structural defects on the fiber surface, which will 
enhance the strength of the fibers [Reneker et al, 2007 & Liang et al, 2007]. 
 Depending on the conditions of the electrospinning process, the average diameter of 
the fibers varies from 10nm to 3.500nm, while their length can be several meters. And under some 
conditions the fibers can form droplets along the fibers. This phenomenon is referred to as “beaded 
fibers”, and this is in general not preferred, because in most applications uniform and smooth fibers 
give the best results. [Spasova et al, 2006] 
 It has been approximated that electrospun fibers with a diameter of 100nm have a ratio 
of geometrical surface area to mass of 100m2/g [Sawicka and Gouma, 2006]. A schematic 
illustration of the relationship between fibers diameter and surface area is illustrated on figure 2.1. 
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Figure 2.1. A schematic illustration of the relationship between fiber diameter and surface area [Zhang et al, 
2005A]. 
 
 Electrospun nanofibers usually have a solid interior, smooth surface and a cylindrical 
shape, but it is possible to produce fibers with specific secondary structures like core/sheath, hollow 
or porous structures. It is also possible to control the alignment of the electrospun fibers, which is 
important for some applications. [Li and Xia 2007 & Spasova et al, 2006] 
 The electrospinning technique can also be used to combine a variety of polymers, 
fibers, and different types of particles to produce nanocomposite materials, read more about this in 
chapter 2.3. Small insoluble particles can be added to a polymer solution or added directly on the 
dry fibers. Particles like soluble drugs, antibacterials, and clays have been added to a polymer 
solution and electrospun with success [Sawicka and Gouma, 2006]. 
 
 In figure 2.2 the basic setup for electrospinning is illustrated. The fundamental parts of 
the electrospinning setup are a high-voltage source, a ground (collector) electrode, a source 
electrode, and a polymer solution to be electrospun. The electrospinning solution will typically be 
transported to the electric field via a syringe. It is an advantage to use a syringe pump to regulate the 
release of the solution in a constant and controllable rate, which provides a consistent and stable jet 
of polymer. The high voltage (usually between 1 and 30 kV) is applied by an electrode attached to 
the syringe needle, and a ground electrode attached to the collector plate. This creates an electrically 
charged jet of the polymer solution; the solvent will quickly evaporate and leave a polymer fiber. 
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Figure 2.2. Illustration of the basic setup for electrospinning. [Li and Xia, 2004] 
 
 The electric field on the needle will influence the surface tension on the droplet at the 
needle tip, and as the intensity of the electric field is increased, the surface of the droplet elongates 
to form a conical shape; known as a Taylor cone [Reneker et al, 2007], this is illustrated in figure 
2.2. The increased electric field will at some stage reach a critical point, when the repulsive 
electrostatic force overcomes the surface tension of the Taylor cone and a charged jet of polymer 
will be ejected. First the jet will flow in a nearly straight line and hereafter undergo a whipping 
process, during which the electrical force stretches, thinning the fiber, yet forming a long and thin 
thread. As the solvent evaporates the jets diameter is greatly reduced from a range of hundreds of 
micrometers to as small as tens of nanometers. The charged polymer fiber will lay itself randomly 
on the grounded metal collector plate creating a randomly oriented fibermat. The collector plate is 
usually a good electric conductor like aluminum foil, because it is important that the positive 
charged fibers are neutralized in order to collect multiple layers of fibers [Reneker et al, 2007]. 
 
 The diameter and the morphology of electrospun fibers are dependent on a number of 
parameters. 
 
• Properties of the solution – type of polymer, conformation of the polymer chain, 
concentration, elasticity, electrical conductivity and polarity and surface tension of the 
solvent. 
• Operational conditions – strength of applied electric field, distance between needle tip and 
collector plate and velocity rate of polymer solution. 
• Other – humidity and temperature of the surroundings may play a role. 
 
 The major factors that affect the fiber diameter include the concentration of the 
polymer, the electrical conductivity of the solution, the strength of the electric field, and the velocity 
rate of the solution. As the concentration is increased the fibers become thicker and lower velocity 
rate results in thinner fibers. There seems to be a disagreement about the effect of applied voltage 
on the fiber diameter, some studies show that the diameter decreases with increasing voltage, while 
some show the opposite [Li and Xia, 2007 & Mo et al, 2004]. An increase of the voltage causes an 
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increase of the electrostatic stress on the jet, and this might correspond to an increase of the draw 
rate in the spinning procedure [Mo et al, 2004].  
 Electrospun nanofibers display a range of unique features and applications. Compared 
with other synthesized nanostructures the electrospun nanofibers are exceptionally long and can be 
assembled into a three dimensional mat. Because electrospinning involves a rapid stretching of the 
jet and rapid evaporation of the solvent, it may prevent the polymer chains from relaxing back to 
their equilibrium conformation. This results in a polymer with different conformation and 
crystalinity than by other methods. [Li and Xia, 2007] 
 Furthermore, results have also suggested that the diameter of the needle tip can 
influence the resulting fibers. In a study different needle diameters (1,2; 0,8; 0,7; 0,4mm) were 
tested and it was clear that a thinner needle tip resulted in less clogging and bead free fibers with 
smaller diameters compared to thicker diameters. [Mo et al, 2004] 
 
 Altogether there seems to be great possibilities to control the electrospinning process 
in order to design and produce very specific fibermats for different applications; as presented in the 
following chapter 2.1.1.  
 
2.1.1. Some features and applications for electrospun nanofibers 
 
 In recent times the application fields based on electrospun polymer fibers has grown 
steadily, most of these applications have been in the fields of medical prosthesis and filtration 
systems, but other applications such as electromagnetic shielding, liquid crystal devices, tissue 
templates and composites have also been developed [Huang, 2003]. Furthermore, there are ranges 
of applications that have not yet reached to the industry level but are at a development stage in 
laboratory research. Many of these applications have attracted attention for their promising 
potentials; some of these applications are summarized in figure 2.3. [Huang et al, 2003] 
 
 
Figure 2.3. An overview of potential applications of electrospun polymer nanofibers. [Huang et al, 2003] 
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 Electrospun nanofibers have great potential in biomedical research, such as tissue 
engineering, supports and carriers/delivery systems, because of its extraordinary structures and high 
surface to volume ratio[Li and Xia, 2007 & Liang et al, 2007]. It has been demonstrated that 
nanofiber scaffolds are a suitable substrate for tissue engineering. [Liang et al, 2007; Yang et al, 
2005 & Khil et al, 2005]. Read more about this in section 3.1. 
 
2.1.2. Electrospinning onto a rotating collector plate 
 
 
 It has been suggested that when electrospinning onto a rotating collector (a cylinder) 
at high speeds up to 2.000 rpm, there is a possibility of a degree of alignment of the fibers. If the 
surface speed of the rotation collector is slower than the speed of the alignment, it will result in 
randomly deposited fiber, so in order to obtain aligned fibers the rotation speed must be above the 
speed of alignment. But it is also important that the rotation speed is not too high, because then the 
fibers might break [Huang et al, 2003].  
 Thomas and coworkers (2006) have proven that a rotating collector plate has a 
significant impact on the fiber diameter of electrospun fibers. The fiber diameter decreases with 
increased rotation speed, the results are presented on figure 2.4. Fibers collected on a stationary 
plate had an average diameter of 550 ± 100 nm, and fibers collected on a 6000 rpm rotation 
collector plate had an average fiber diameter of 350 ± 100 nm.  Furthermore the PCL fibers 
collected on a 3000 rpm and 6000 rpm collector plate had a larger number of fibers with diameter as 
low as 250 ± 100 nm than the fibers collected on the stationary plate. These observations may be 
explained by an increase of stretching of the polymer when being deposed on the rotation plate. 
However, it can be expected that a percentage of fibers may break when the rotation rate exceeds a 
critical velocity. [Thomas et al, 2006] 
 
 
Figure 2.4. Frequency distribution of PCL fiber diameter at different rotation rates. [Thomas et al, 2006] 
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2.2. PCL 
 
 
 Even though natural polymers such as collagen might give better results as a scaffold 
for tissue engineering, synthetic polymers often offer many advantages. Synthetic polymers can be 
modified and controlled to give a wider range of properties and are also cheaper and a more reliable 
source of raw material. Hydrophobic biodegradable polyesters such as polyglycolide (PGA), 
poly(lactic acid) (PLA) and PCL are typical choices of polymer for biomedical applications, and 
these polymers have all been electrospun successfully. [Liang et al, 2007]  
 
PCL is a biodegradable synthetic semicrystalline aliphatic polyester [See figure 2.6].  
 
 
Figure 2.6. A schematic view of the poly(caprolactone) monomer. 
 
PCL belongs to the family of poly(α-hydroxy acids) and can be synthesized by ring-opening 
polymerization.  
 
PCL: 
Melting point   58-63oC 
Glass transition temperature   (-65) – (-60) oC 
Density    1,11 g/cm3 
Tensile strength   20,7 – 34,5 MPa 
Elongation    300 – 500% 
Modulus    0,21 – 0,34 GPa  
Degradation time   >24 month   
        
[Bölgen et al, 2005 & Yang et al, 2001] 
 
 PCL has a very low glass transition temperature and also a low melting point which 
could be a problem in some applications. Therefore it would be an advantage to blend or modify 
PCL in order to improve the properties. [Bordes et al, 2009] 
 
 Polyesters have shown promising results for tissue engineering, but some have a 
relatively high degradation rate; which gives these polymers some limitations. Because a polymer 
scaffold for wound-dressing is supposed to support endothelia cell formation in vivo, the polymer 
has to be stable until a confluent layer of cells is formed (read more about cell growth and tissue 
formation on electrospun fibers in sections 3.1 and 3.3). For example the endothelia cell formation 
propagates in a range of about a year and PLA have been shown to degrade too quickly for this 
purpose. Complete degradation and elimination of PCL may occur over a period of 2 to 4 years 
(Read more in section 2.2.1). [Harmankaya, 2007] 
 PCL is promising as a material for biological scaffolds mainly because of its slower 
degradation kinetics compared to other polyesters; this gives the opportunity to use PCL for long 
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time purposes such as delivery systems and implants. And it is likely that the mechanical properties 
of PCL can be improved even further by being blended with other polymers or incorporation of a 
nanofiller like clay, read more about this in section 2.3. [Li et al, 2003] 
PCL is biodegradable because of its vulnerability to hydrolysis of its ester linkage and the 
generated products are non-toxic and can either be metabolized via the tricarboxylic acid cycle or 
eliminated by direct secretion. The basis of degradation of PCL in physiological conditions is the 
hydrolytic cleavage, because the required conditions for hydrolysis are present in body fluids, see 
figure 2.5. The products of the reaction are common reactants under physiological conditions in the 
body. [Harmankaya, 2007] 
 
 
Figure 2.5. The chemical mechanism for breakdown of ester groups in organic substances. [Harmankaya, 2007] 
 
It is likely that a polyester will be accepted by the human body, because esters are naturally 
present and are biodegradable and this is one of the reasons that the interaction between PCL and 
living tissue is possible. Studies have investigated both in vitro and in vivo biocompatibility, which 
have resulted in approval by US Food and Drug Administration to be used as material for medical 
and drug delivery devices. [Kweon et al, 2003] 
 
2.2.1. Electrospinning of PCL 
 
 Biodegradable polymers such as PCL and its co-polymers are some of the materials 
which have been electrospun for a variety of purposes by a number of research groups [Hsu and 
Shivkumar, 2004]. It has been shown that a wide range of structures of PCL can be produced by 
electrospinning. Electrospun PCL may consist of beads or a combination of fibers with beads. This 
may be a result of a splitting of the jet from the end of the Taylor cone into a number of smaller jets 
which will disintegrate into small droplets. [Hsu and Shivkumar, 2004] 
A number of factors have been reported to affect the fiber diameter in electrospinning which 
also affects the properties of the mats formed from the fibers. The concentration of PCL has been 
examined, and in order to avoid bead formations you need a concentration above 10 wt%, but the 
lower concentration of PCL the lower average fiber diameter, see the data in table 2.1. In this study 
[Bölgen et al, 2005] they concluded that a PCL concentration on 13 wt% gave the best results. 
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Table 2.1. The effects of PCL concentration on fiber diameter and bead formation. [Bölgen et al, 2005] 
 
 
Hsu and Shivkumar (2004) also examined the effect of polymer concentration on the fiber 
diameter and the result was that, at solution concentration between 1 and 4 wt% PCL will end up 
with a break of the jet into droplets, and the change from beads into fibers begins at about 4 wt% 
PCL [Hsu and Shivkuma, 2004]. The effect of PCL concentration on bead formation is illustrated at 
figure 2.7. 
 
 
Figure 2.7. Distribution of bead size in PCL at 30 kV. (a) 1 wt% PCL and (b) 3 wt% PCL. [Hsu and Shivkumar, 
2004] 
  
Furthermore the average fiber diameter would increase with PCL concentration from about 
510 nm at 5 wt% to 850 nm at 9 wt%. Other studies confirm this observation, and conclude that the 
fiber diameter will increase when the solution concentration is increased. [Hsu and Shivkumar, 
2004 & Powell and Boyce, 2007]. 
Another important property is the applied voltage, which has been observed to have a great 
impact on bead formation, but it seems that there is some disagreements exactly how. One study 
suggests that increased voltage will result in significant bead formation and that the applied voltage 
should be maximum 13kV [Bölgen et al, 2005].  Another study suggests that the applied voltage 
also has an effect on PCL fiber diameter and bead formation, but that a voltage between 10 and 20 
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kV results in bead formation, but with increased voltage (higher than 25 kV) a more stable fibrous 
structure appears [Hsu and Shivkumar, 2004]. This is illustrated in figure 2.8.  
 
 
Figure 2.8. Distribution of 5 wt% PCL fiber diameter at different applied voltage. (a) 25 kV, (b) 30 kV and (c) 40 
kV. The photographs show the fiber diameter at (a) 25 kV and (c) 40 kV.  [Hsu, and Shivkumar, 2004] 
 
It has been proven that elongation-at-break, ultimate strength and Young’s modulus 
increases with increased fiber diameter. So mats with thinner fibers are weaker compared with 
thicker fibers, this could be explained by bead formation observed on the thinner fibers. The 
distinctive mechanical properties which can be achieved by electrospinning PCL, is a material that 
is more flexible, stronger and harder when the fiber diameter is increased and less beads are formed 
[Bölgen et al, 2005]. So by controlling the fiber diameter it is possible to control the mechanical 
properties of the fibermats.  
Kim and Yoon (2008) have successfully used electrospun PCL as material for wound 
dressing and concluded that PCL is a promising material because it prevented bacterial invasion and 
had sufficient mechanical properties for this purpose [Kim & Yoon, 2008]. It has also been 
suggested that electrospun PCL is a potential candidate as a scaffold for bone tissue engineering, 
because PCL has been reported to support cell growth from bone marrow cells [Yoshimoto et al, 
2003 & Kweon et al, 2003]. And a study had promising results with preparation of antimicrobial 
PCL electrospun fibers containing nanoparticles, which lead to a potential in wound healing [Duan, 
2007]. Read more about cell growth on electrospun fibers in section 3.1. 
 It is important that polymers for tissue engineering are biodegradable and that the 
degradation products are not toxic to the human body. A property of electrospun PCL fibers is the 
degradation behavior; PCL mats with thinner fibers degrade faster than mats with thicker fibers. 
The reason for this is mainly the different surface to volume ratio. The electrospinning process also 
decreases the surface hydrophilicity which reduces the water uptake and the hydrolytic degradation 
rate [Bölgen et al, 2005]. 
A study by Bõlgen (2005) shows that electrospun PCL membranes were more hydrophobic 
compared to PCL solvent-casted membranes, and this results in a much slower degradation for the 
electrospun PCL membranes. It was also shown that the electrospun PCL degraded much faster in 
vivo compared with in vitro; this may be due to enzymatic degradation in addition to the hydrolytic 
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degradation in vivo [Bölgen et al, 2005]. From figure 2.9 it is clear that the fiber diameter is an 
important factor to consider with regard to the degradation behavior. 
 
 
Figure 2.9. Degradation of electrospun PCL nanofibers. Changes in weight-average molecular weight (MW) over 
time with different fiber diameters. (a) 196nm, (b) 250nm, (c) 300nm and (d) 689nm). [Bölgen et al, 2005] 
 
It seems clear that there are many interesting and promising properties of electrospun 
PCL and other polymers, which make it possible to create fibermats with a specific design that 
could fit a variety of purposes. Furthermore several studies suggest that it is possible to enhance 
these properties even further by adding molecules to the polymers and thereby produce polymer 
nanocomposites. Read more about this in the following section 2.3. 
 
2.3. Clay-based polymer nanocomposites 
 
 
In recent times an interest for polymer nanocomposites has emerged. This is mostly due to 
promising research results in this area. Research shows that polymer nanocomposites can improve 
mechanical, thermal, electrical and optical properties. Nanoparticles can offer advantages over 
traditional macro- or micro-particles because of their higher surface area, which improves the 
adhesion between the nanoparticle and the polymer. [Zeng et al, 2005] 
Even though biodegradable polymers have shown promising results they are not able to be 
fully competitive to conventional materials, since some of their properties are insufficient. So in 
order to improve these properties (stiffness, permeability, crystallinity, thermal stability) you can 
use nano-sized fillers to produce polymer nanocomposite materials. Nano-sized fillers have shown 
to give great improvements to polymers, even at less than 10wt% filler content. [Bordes et al, 2009] 
There exists a variety of nanofillers which can be classified according to their morphology, 
such as layered (clays), spherical (silica) and acicular (whiskers, carbon nanotubes). Layered clays 
are known for their high surface area of more then 700 m2/g, this gives a large interface with the 
polymer. [Bordes et al, 2009] 
Clay minerals are a layered inorganic solid with an interlayer space, which has been widely 
used because of its unique structure and promising properties. Both natural clays and synthetic clays 
can be used, but the most widely used clays are the natural clays montmorillonites and hectorites 
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[Zeng et al, 2005]. The properties of clay; such as high absorption ability, high internal surface area, 
high ion exchange capacity, interlayer reactions, chemical inertness, and low toxicity; make them 
very useful in pharmaceutical applications [Choy et al, 2007]. 
 
This unique layered structures of the clays allow them to be chemically modified to be 
compatible with polymers and the inter layer space makes it possible to incorporate different 
molecules into this space. These properties have many interesting opportunities to develop clay-
based polymer nanocomposites. 
The layered clays can be filled into a polymer matrix and form a nanocomposite or a 
conventional composite depending on the nature of the components. The nanocomposites can form 
three different structures. The nanocomposite structure is obtained by insertion of the polymer into 
the interlayer of the clay forming a well ordered morphology. In the exfoliated nanocomposite 
structure the clay is uniformly dispensed in the polymer matrix. The most occurrences are that the 
clay will cluster together [Zeng et al, 2005]. All the structures are illustrated in figure 2.10. 
 
 
Figure 2.10. Illustration of clay-based polymer composites, including conventional composites and 
nanocomposites with intercalated (I), exfoliated (II) and cluster (III) structure. [Zeng et al, 2005] 
 
Polymer nanocomposites containing between 2 and 8% clay have been demonstrated to 
greatly increase their mechanical properties such as tensile, stress and strain, and thermal improved 
stability has also been observed. A significantly improved biodegrability was observed in 
nanocomposites made from biodegradable polymers and organoclay. A study investigate the 
biodegrability of nanocomposite PCL, and the results clearly show an improvement in 
biodegrability compared with pure PCL, it is unclear how the clay increases the biodegrability, and 
they suggest that the clay has a catalytic role in the process. [Lee et al, 2001 & Zeng et al, 2005] 
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2.3.1. Layered double hydroxides (LDH’s) 
 
 Layered double hydroxides (LDH’s) are also known as anionic clays and are a family 
of layered materials which are used in a variety of applications such as medical applications, 
electrodes, anion exchangers, catalysts, and catalyst precursors. Even though natural ones exist, 
most commercially LDHs are synthetic [Burzlaff et al, 2004]. They are made of layers of an 
octahedral structure and a positive charge of the layers is balanced by anions located in the 
interlayer space together with crystallized water molecules [Rives, 2002]. The basic structure of a 
LDH is illustrated on figure 2.12.  
 
 
Figure 2.12. An illustration of an idealized structure of LDH with carbonate anions in the interlayer space. 
[Rives, 2002] 
 
The structure of LDHs can generally be described with this formula: 
 
[M
II
(1-x)M
III
x(OH)2]
x+
A
n-
x/n · zH2O 
 
 MII and MIII are divalent and trivalent metal cations such as Mg2+ and Al3+. The 
stability of the LDHs is generally dependent on these metal cations.  The net charge will be 
balanced by an anion which is typically CO3
2- [Burzlaff et al, 2004]. The layered structure of LDHs 
leads to a variety of different polytypes and they have various particle sizes, but the surface area is 
usually lower then 100m2/g. They prefer anions within the interlayer space because of their strong 
electrostatic interaction and therefore LDHs with nitrate or chloride are good precursors for 
exchange reactions [Choy et al, 2007]. As with other clays it is possible to incorporate molecules in 
the interlayer space of the LDHs. 
 Recent studies show that LDHs have a high potential as agents for cellular drug 
delivery, due to properties like low cytotoxicity, good biocompatibility, high anionic drug loading, 
control of particle size and shape and good release control [Xu et al, 2008]. The release process of a 
drug carried into a cell by a LDH inside a PCL matrix is reported to consist of two steps. The first 
step is described as a very rapid burst, where 30% of the drug is released within a period of 14 days, 
and this is followed by a second step where the release is much slower over a longer period of time. 
[Tammaro et al, 2008] 
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 The thickness of the interlayer is determined by parameters like number, size, 
orientation, and bond strength of the bond between the anion and the hydroxyl groups. This 
thickness or interlayer space distance can be measured using XRD (see section 2.4.3.). [Burzlaff et 
al, 2004] Unless steps are taken to prevent it during LDH synthesis, LDH carbonate will be formed 
preferentially. 
 
 It has been proven that by incorporating LDH clay into PCL will result in improved 
mechanical properties, especially the elastic modulus when compared to the untreated polymer 
[Tammaro et al, 2008]. Another study shows that PCL and MgAl -LDH are a good composite 
material with improved properties compared to pure PCL. This includes improved modulus, stress 
and barrier effect. [Sorrentino et al, 2005] This specific LDH consist of layers of Mg and Al ions 
with CO3 ions in the interlayer space and some amount of crystallized water is also present in there. 
 
In the 1920s, shortly after the introduction of X-ray diffraction, the research of adding 
organic molecules into the interlayer space of clay minerals started and since then scientists all over 
the world have been working with this. Modification of clay minerals is of great interest because it 
leads to the creation of new materials and new applications. [de Paiva et al, 2008] 
An effective and commonly used method to modify clay is ion exchange, where the 
interlayer ions of a clay mineral are exchanged with another ion. Depending on the charge of the 
surface of the interlayer space of the clay mineral and the length of the organic ion chain, then the 
organic molecules can be arranged in different ways between the silicate layers. This is illustrated 
on figure 2.11. 
 
 
Figure 2.11. An illustration of the orientation of alkylammonium ions in the interlayer space between the layers 
of silicate in clay minerals: (a) monolayer, (b) bilayer, (c) pseudotrimolecular layers, and (d, e) paraffin-type 
arrangements of alkylammonium ions with different tilting angles of the alkyl chains. [de Paiva et al, 2008] 
 
 Using ion exchange biomolecules can be used to modify clays with a variety of 
molecules such as proteins, enzymes, amino acids, peptides, etc which have been tested with 
success until now. Many novel LDH hybrids with slow release have been synthesized using anti-
flammatory drugs, antibiotics, plant growth regulators, and other biologically active molecules. [de 
Paiva et al, 2008 & Tammaro et al, 2008] 
 If it is possible to transport DNA into a living human cell by a LDH carrier, this 
LDH/DNA hybrid could be incorporated into a scaffold for wound-dressing. As an example the 
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transported DNA could hold the code for a growth factor, which could improve the healing 
procedure of the wound. 
 
 
2.3.2. LDH Clay as a carrier of DNA 
 
 
Since DNA is negatively charged it is possible to incorporate the molecule between the hydroxide 
layers of an LDH as the charge-compensating anion though the ion exchange method, where one 
negatively charged ion can be replaced with another. DNA strands have a high risk of degradation 
and denaturation during manufacturing and storage, but both DNA and nucleotides are found to 
bind to LDHs by anion exchange, where the LDH will be able to protect the DNA under storage 
and transportation [Choy et al, 2007]. It is possible to verify the ion exchange treatment by XRD, 
this is done by measuring the interlayer distance of the clay, which is different when incorporating 
different molecules. On figure 2.13. is shown an illustration of different distances of the interlayer 
when incorporating different biomolules. 
 
 
Figure 2.13. LDH hybrids obtained by intercalation reaction (a) the MgAl-LDH, (b) CMP-LDH hybrid, (c) 
AMP-LDH hybrid, (d) GMP-LDH hybrid, and (e) DNA-LDH hybrid. The figure shows the spacing distance 
between the LDH layers, when adding different biomolecules to the interlayer space. This distance can be 
measured and used to verify the success of the ion exchange treatment. [Choy et al, 2007] 
 
 Choy and coworkers (2007) were able to incorporate DNA into LDH. This was done 
first by preparing the DNA by dispensing the LDH and the DNA in aqueous solution and left it 
stirring in 48 hours. Here after the product was isolated and washed. The product was then 
examined with XRD to determine that the ion exchange worked, the unmodified LDH had an 
interlayer spacing of 8.5Å and the LDH/DNA hybrid had an interlayer spacing of 23.1Å 
corresponding to the information on figure 2.13, which corresponded with the thickness of the DNA 
when the helix is orientated parallel with the hydroxide layer. They also demonstrated that it is 
possible to store the DNA in this way where the intercalated DNA will be protected from a weak 
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acidic environment and attack from DNase. And it is possible later to recover the DNA by 
removing the LDH layers under acidic conditions at a pH below 2 without any damage to the DNA.  
[Choy et al, 2007] 
 A. Burzlaff and co-workers have shown that LDHs are capable of binding large 
quantities of DNA. Depending of the LDH they measured an affinity of up to about 200mg DNA 
per g LDH. A long term kinetic study showed that there is a connection between LDH/DNA 
incubation time and increase of DNA binding over time, but the majority of DNA is absorbed by 
the LDH clay within the first 60 seconds. They also confirmed that the DNA from the LDH/DNA 
hybrid can be released by removing the hydroxide layers using an acidic media. [Burzlaff et al, 
2004] 
 
2.3.3. Delivery of LDH/DNA into cells  
 
 
Choy and coworkers (2000) also developed a way to allow a LDH/DNA hybrid to act as a 
delivery system, where the hybrid is able to enter a human cell and deliver the DNA. They 
demonstrated this by intercalate an oncogene into a LDH and then transfer the hybrid into a human 
promyelocytic leukemia cell line. This is illustrated on figure 2.14. The effect of the hybrid on the 
growth of the cells was measured and the result was that the effect of the cancer gene was 
considerably higher when transported by the LDH compared with the gene without transport by 
LDH. This result is presented on figure 2.15. It has to be noted that the LDH itself did not have any 
effect on the cell growth. From these results they concluded that the suppressing effect from the 
cancer gene only had a notable effect when transported by LDH. [Choy et al, 2007 & Choy et al, 
2000] 
 
 
Figure 2.14. A diagram for cellular uptake of a LDH/DNA nanohybrids compared to DNA without a carrier. 
Here it is illustrated how an biocompatible LDH with physical and chemical properties that allow complete 
decomposing by acidic body fluids is able to enter a cell and release the DNA. [Choy et al, 2007]  
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Figure 2.15. Diagram showing the results of a cell viability test for a human promyelocytic leukemia cell line 
treated with 20µM LDH, As-myc, and As-myc-LDH over time [Choy et al, 2007]. 
 
 A study found that different shapes of LDH particles target different parts of a cell; a 
rod-like shape will specifically target the nucleus while a sheet-like will remain in the cytoplasm 
[Xu et al, 2008]. This research group came to these results by performing a series of experiments. 
First they prepared a rod-like and a sheet-like LDH hybrid containing the organic dye fluorecein 
isothiocyanate (FITC) and then they studied the cellular uptake of the hybrids on three different 
mammalian cell lines.  The two types of hybrid were examined by the TEM method, the rod-like 
hybrid is shown on figure 2.16A.The group was able to follow the uptake of the hybrid by 
localizing the fluorescent compound, and in that way see where in the cells the compound ended up 
[Xu et al, 2008].  
It has been suggested that the cellular uptake of LDH hybrids, in principle is a clathrin 
mediated endocytosis, and that the particles are mainly distributed within the perinuclear cytoplasm. 
The process is likely to involve an adhesion to the cell membrane, a clathrin mediated endocytosis 
and an endosome escape [Oh et al, 2007]. In order to clarify this mechanism Xu and coworkers 
(2008) blocked steps in the cellular endocytosis process with inhibitors and mutants by adding them 
to the cell culture medium before adding the LDH hybrid. And they were able to confirm that the 
cellular uptake of the LDH hybrid into the nucleus is primarily related to proteins involved in the 
clathrin-mediated endocytosis with was time and concentration depended. They was able to rule out 
that non-specific uptake through macropinocytosis was involved and they also found out that either 
clathrin coated pits or caveolae is involved in the uptake process.  The majority of the compound 
was taken up within the first 30 min and after 8 hours 60% was taken up.  [Xu et al, 2008] 
 Furthermore, it has been confirmed by Luu and coworkers (2003) that it is possible to 
fabricate a polymer scaffold incorporated with plasmid DNA by electrospinning. They did this by 
electrospinning a solution of PLA-PEG and PLGA with a small amount of plasmid DNA. Then pre-
osteoblastic cells were grown on the fibermats and the release rate was measured. The results 
showed that the majority of the DNA was released in a period of 20 days. In order to find out 
whether the DNA was still intact after electrospinning and handling they examined the released 
DNA via agarose gel electrophoresis, which showed that the DNA had kept the structural integrity. 
The bioactivity was determined via transfection of pre-osteoblastic cells. The transfection 
demonstrated that it was more efficient from the electrospun polymer/DNA than from pure DNA 
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added directly to the cell culture, but it was lower than on the positive control. [Luu et al, 2003] 
Overall they demonstrated that it is possible to produce an electrospun polymer with incorporated 
DNA, but it is also clear from these results, that it has to be investigated much more in order to 
make it more efficient.  
 These experiments show that it is possible to use LDH as a carrier for biomolecules 
including DNA, and that it is possible to transport them into a living cell. This give rise to wonder 
whether this principle can be combined with electrospun polymers by adding a LDH/DNA hybrid to 
an electrospun fibermat in order to let human cells grow on this and still be able to take op the 
hybrid. This might be an important improvement of electrospun fibermats as a wound dressing, 
because by adding this kind of hybrid to the fibers, it might be possible to give the fibermats 
additional properties that could improve the fibers healing properties.  
 In this study experiments was performed to find out whether it is possible to produce 
electrospun PCL fibermats with and without incorporated LDH clay, and the prospects of 
incorporating DNA via ion exchange was also examined. These experiments are described in 
chapter 4 and the results obtained in chapter 5. 
 
 
2.4. A short presentation of characterizing methods used. 
 
 
 In this section is a short presentation of the methods used to characterize the produced 
fibermats. The results can be found in chapter 5. 
 
2.4.1. SEM 
 
 Some of the electrospun fibermats (without DNA) were selected and samples of about 
1 * 1cm were cut with a scissor from 3 specific areas from the fibermat (the middle, the edge and 
the in-between). Then the samples were placed on a metal device and sputter-coated with gold 
which makes the sample conductive. Then the metal device was placed in the Field Emission Gun 
(FEG) Scanning Electron Microscope (SEM) from Zeiss and the microscopic structure could be 
observed on the screen and it was then possible to select pictues. From these pictures it was possible 
to measure the fiber diameters, to observe the orientation pattern of the fibers, and to see the surface 
of the individual fibers using the software Scion Image or Image J. 
 
2.4.2. TGA 
 
 The Thermogravimetric Analysis (TGA) is able to determine changes in weight in 
relation to change in temperature and is commonly used to characterize polymers and the level of 
inorganic and organic components in the material. The specimen is heated in air or in a controlled 
atmosphere such as nitrogen, and then the thermogravimetric curves provide information regarding 
polymerization reactions, the efficiencies of stabilizers and activators and the thermal stability. 
 In this case the method is used to determine the amount of clay that is actually in the 
finished fibermats, to be sure that nothing was lost while electrospinning the fibers. In practice this 
is done by testing pure clay, a 5wt% clay fibermat and a 10wt% clay fibermat. The samples were 
run at 10oC/min up to 600oC. This procedure burns off the entire polymer and leave only the 
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inorganic clay, the result can then be compared with the result from pure clay to determine the exact 
amount of clay in the samples. 
 
2.4.3. X-ray diffraction (XRD) 
 
 
 XRD is a non destructive analytic technique where it is possible to obtain information 
about a compounds crystalline structure. The entire sample of LDH clay with DNA of about 0,2g 
was placed in a layer on the metal device, it is important for the sample layer to cover the entire 
surface in order to avoid background readings. When the X-ray beam travels through the 
compound, the intensity of the beam decreases with the distance traveled through the compound 
and by measuring the scattered angle of the X-ray beam the d-spacing or size of the interlayer space 
of a LDH can be calculated. XRD can also be used to identify an unknown compound. 
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3. Electrospun PCL fibers as substrate for growth of human 
skin cells and prospects for its use in wound-dressing 
 
This chapter will investigate the studies done in growth of human cells on electrospun 
PCL, then explain the basic principles of wound-dressing, including the significances of the 
electrospinning technique for this purpose. Last an investigation of growth of human skin cells and 
tissue formation on an electrospun substrate will be carried out. 
 
3.1 Electrospun PCL fibermats as scaffold for human cell growth 
 
 In order to investigate the potential for the use of electrospun PCL fibermats as a 
wound-dressing material, it is important to study the effects that the fibermats have on living human 
cells. For this to be successful human cells would have to be able to proliferate as close to normal as 
possible on these fibermats. Several studies have worked with growth of human cells on a variety of 
electrospun surfaces, in this section studies done specifically on growth of human cells on 
electrospun PCL is presented. Furthermore a comparison of electrospun PCL fibermats to other 
materials tested as a possible substrate for human cell growth is presented in section 3.1.1. 
 
 Electrospun PCL fibers are in focus as a material for various biomedical applications 
including wound dressing. As described in section 3.2 the features of a the electrospun fibermats 
has to resemble the natural ECM as much as possible, in order to be able to promote cell adhesion, 
spreading and proliferating, which is necessary properties for a good wound dressing. To address 
this issue, an investigation of the studies in this area will be presented. 
 In a study by Li and coworkers (2003) an electrospun PCL scaffold was produced and 
its ability to maintain chondrocyte cells was investigated. After culturing the cells on the PCL 
substrate their gene expression was analyzed to confirm that the cells were able to maintain their 
phenotype. When comparing the cells grown on the electrospun PCL substrate and on the control 
(standard tissue culture polystyrene) substrate, they observed a clear difference in the biological 
activity of the cells. Cells grown on the electrospun PCL showed a much more intense production 
of proteoglycan rich matrix compared to the control. It was also clear that the electrospun PCL 
scaffold not only promoted phenotypic differentiation but was also able to support cellular 
proliferation. From these results it was concluded that the biological activity of chondrocytes in 
dependent on the design of the scaffold [Li et al, 2003]. But whether this is because of the 
electrospun structure or the PCL is not clear. 
 Another study by Yoshimoto and coworker (2003) also tested electrospun PCL as a 
possible scaffold for tissue engineering. They seeded mesenchymal stem cells on the electrospun 
PCL substrate and examined the cell behavior.  On figure 3.1 some of their SEM pictures of cells 
seeded on electrospun PCL is presented, here it can be seen how the cells are able to attach and 
spread on the fibers. After 1 week of culture the surface is partially covered with layers of cells and 
after 4 weeks the surface is completely covered.  [Yoshimoto et al, 2003] 
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Figure 31. SEM pictures of mesenchymal stem cells on electrospun PCL. (a) Electrospun PCL before seeding 
with an average diameter of 400nm. (b) Low magnification of cells seeded on PCL fibers after 1 week of culture. 
(c) High magnification of cells seeded on PCL fibers after 1 week of culture. (d) Low magnification of cells 
seeded on PCL fibers after 4 weeks of culture. (e) High magnification of cells seeded on PCL fibers after 4 weeks 
of culture. [Yoshimoto et al, 2003] 
  
On figure 3.2 are shown light microscopy pictures of mesenchymal stem cells grown 
on electrospun PCL from the study of Yoscimoto and coworkers (2003). Figure 3.2a taken after 1 
week of culture shows formation of extracellular matrix and migration of cells inside the substrate. 
After 4 weeks of culture the density of the extracellular matrix has increased as shown on figure 
3.2b and on figure 3.2c it can be observed that the extracellular matrix is calcified throughout the 
sample. Figure 3.2d shows the presents of type 1 collagen in both outer and inner parts of the 
scaffold. Furthermore it was concluded that the construct maintained its original size and shape 
doing the cell culturing and after 4 weeks the construct had become noticeable harder [Yoshimoto 
et al, 2003]. 
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Figure 3.2. Light microscopy pictures of mesenchymal stem cells grown on electrospun PCL. (a) After 1 week of 
culture. (b, c & d) After 4 weeks of culture. [Yoshimoto et al, 2003] 
 
Pham and coworkers (2006) measured cellular infiltration of rat marrow stomal cells 
grown on electrospun PCL with different fiber diameters. To do that, they produced a scaffold 
containing a bottom layer of microfibers (5µm) and added a top layer of nanofibers (600nm). 4 
different types of scaffolds was made where the nano-sized fibers was electrospun for 0, 30, 90 and 
300 seconds on top of the micro-sized fibers. They observed that the number of cells attached to the 
scaffold was not affected by the difference in fiber diameters, but it appear that the cell spreading 
was affected as illustrated on figure 3.3, where a visual difference in actin staining can be seen. 
After 2 hours the cells seeded on the 0 second scaffold (without the nano-sized fiber layer) appears 
round in shape and the other seems to be spreading. After 24 hour the cells seeded on the 0 second 
scaffold have some visible actin filaments and seems to be spreading, but the orther groups have an 
even greater number of actin filaments. This study also suggests that incorporation of dense nano-
sized fibers can hinder cell migration; this might be due to small pore sizes [Pham et al, 2006]. This 
study suggests that the diameter and pore-size of electrospun fibers are an important factor to 
consider, when constructing a scaffold for tissue engineering.   
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Figure 3.3. Laser scanning confocal microscope pictures of rat marrow stomal cells stained for F-actin with 
rodamine phallodin at the top surface of 0 (A & E), 30 (B & F), 90 (C & G), and 300 (D & H) seconds electrospun 
PCL fibers for 2 hours (A-D) and 24 hours (E–H). Scale bar is 20µm. [Pham et al, 2006]  
 
A range of studies have investigated the possibilities of enhancing PCL and other 
polyester with other polymers. As an example mixes of PCL and gelatine have been tested as a 
possible material for an electrospun tissue scaffold [Chong et al, 2007; Ghasemi-Mobarakeh et al, 
2008; Ma et al, 2005 & Heydarkhan-Hagvall et al, 2008]. Even though it has not been a focus in 
this study, it can not be ignored, but will only be shortly presented. 
Ghasemi-Mobarakeh and coworkers (2008) tested the viability of nerve stem cells on 
an electrospun PCL/gelatin construct. In this study it was an important factor that that the 
electrospun fibers was able to direct the cell growth [Ghasemi-Mobarakeh et al, 2008]. 
Heydarkhan-Hagvall and coworkers (2008) also experimented with PCL/gelatin and other PCL 
blends, and found that a electrospun PCL/gelatin gave promising results as a substrate for growth of 
adipose-derived stem cells [Heydarkhan-Hagvall et al, 2008]. Ma and coworkers (2005) fabricated 
electrospun PCL mats which were modified with gelatine to create a material for an artificial basal 
lamina. The modified PCL mats showed to have significantly improved cell spreading and growth 
compared to unmodified electrospun PCL, and they also found that the aligned fibers had the ability 
to control the orientation of cells [Ma et al, 2005]. 
Other studies also had success with growing of human cells on constructs of 
electrospun PCL. K. Fujihara amd coworkers successfully grown osteoblast cells on a PCL/calcium 
carbonate composite scaffold [Fujihara et al, 2005].  
 
After going through studies working with the effects of a variety of human cells on 
electrospun PCL, a few statements can be concluded based on these studies. First it seems clear that 
electrospun PCL are able to support growth of a variety of human cell types. It also seems like fiber 
structures consisting of nano-sized fiber diameters results in smaller pore sizes compared to micro-
sized fibers, these smaller fiber diameters and pore-sizes seems to hinder cell migration in between 
the fibers. So micro-sized fiber diameters might be favoured. 
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3.1.1. Comparing electrospun PCL mats with other materials as a substrate 
for cell growth 
 
When comparing an electrospun PCL substrate with standard tissue culture 
polystyrene, the standard substrate provides cells with a smooth two-dimensional surface which 
promotes cell attachment and a flat cell structure. The electrospun PCL substrate have shown to 
facilitate formation of the three-dimensional structure with spindle-shaped or round cells (see figure 
3.4). The shape of the cells seems to have an influence on the biological response of the cells. The 
round cells appear to aid the maintenance of the cells natural morphology, whereas the flat cells 
promote and stabilities the differentiated state of the cells. [Li et al, 2003] 
 
 
Figure 3.4. Organizating of actin cytoskeleton and cell morphology of chondrocytes. (A) cells cultured on a 
standart tissue culture plate and (B) cells cultured on PCL fibers. The actin filaments was stained and observed 
by epifluorescence microscopy. Scale bar is 20µm. [Li et al, 2003] 
 
Khil and coworkers (2005) produced electrospun PCL in order to test it as a substrate 
for growth of mammary carcinoma cells. In this study the results from growth on electrospun PCL 
was compared with growth on a normal 6 well tissue culture plate. Cells grown on both substrates 
demonstrated to be able to proliferate. Although a notably fewer numbers of cells were firstly 
adhered and grown on PCL fiber substrate at the first day, the number of cells showed a dramatic 
increase from at the third day compared to the control. These results are presented on figure 3.5. 
[Khil et al, 2005]. This dramatic increase in cell numbers could be due to the fact that cells grown 
on the control have a limited 2D surface for cell growth, where cells grown on a fibermat is able to 
grow in between the fibers in a 3D structure and there by have a much larger cell number limit. 
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Figure 3.5. Comparison of growth kinetics between electrospun PCL and a control tissue culture plate. [Khil et 
al, 2005] 
 
 Chong and coworkers studied layered dermal reconstruction, by growing human 
fibroblast cells on scaffolds made by electrospun PCL/galatin and another made by PCL/galatin 
fibers electrospun directly on a polyurethane dressing (TegadermTM, 3M Medical). Cells were 
grown on both sides of the scaffolds and the results were compared. The end result was that the 
electrospun fibers and the existing dressing material showed similar cell adhesion, growth and 
proliferation results, which suggest that electrospun fibers might be a cost-efficient alternative to the 
polyurethane dressing (TegadermTM, 3M Medical). [Chong et al, 2007]  
 Shnell and coworkers (2007) did a thorough investigation of the growth of glial cells 
on electrospun PCL and on an electrospun PCL/collagen mixture. They found that both substrates 
was able to support growth and migration, but the most promising results came from growth on the 
blended fibers, some of their results is presented on figure 3.6. The migration of the cells was 
measured by counting the number of cells and by measuring the distance of the 10% cells that had 
migrated the farthest. It was found that the migration distances on PCL/collagen were much greater 
compared to the PCL fibers and the difference continued to increase after 4 and 7 days of culture. 
Proliferation of the cells was measured by counting the number of living cells after a certain period 
of time. Even though the cell number was greatest on the PCL fibers after 1 day, the number of cell 
grown on PCL/collagen was higher after 7 days of culture, but the difference is not significant. The 
cell viability was more then 80% on both substrates, which suggests that there was no toxic effect 
from either of the substrates.  From these results it was concluded that both fiber types worked as a 
favourable substrate, but by blending PCL with collagen it was possible to enhance cell migration 
and proliferation [Shnell et al, 2007]. Other studies also worked with cell growth on an electrospun 
scaffold of a PCL/collagen blend with positive results [Tillman et al, 2009 & Venugopal et al, 2005]  
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Figure 3.6. Cell proliferation, viability and migration of glial cells on electrospun PCL and on electrospun 
PCL/collagen (C/PCL). (a) The cell numbers after 1 day (DIV1) and 7 days (7DIV) as a percentage of the seeding 
density. (b) The cell viability as a percentage of all cells. (c) The cell migration from the surface; the distance of 
10% cells that had migrated farthest were measured. [Shnell et al, 2007] 
 
Although maintenance of cells is possible on other substrates such as a standard tissue 
culture plate, these do not provide both the mechanical stability and flexibility of an electrospun 
fiber network. The studies presented here strongly suggest that electrospun PCL is able to provide 
an environment that can support cell growth and even tissue formation. But it also seems that a god 
alternative to electrospun PCL is to use a blend of PCL and one of the ECM proteins. 
 
3.2 principles of wound-dressing engineering 
 
Normal skin consists of several different cell types. The most common cell types in 
the epidermis are the keratinocytes , which form the other surface barrier of the skin In the lower 
layer of the epidermis are the melanocytes which provide skin color, and the fibroblast is found in 
the lower dermal layer and provides strength and resilience to the skin. Most tissue engineered skin 
is created by expanding normal skin cells in the laboratory and is used for long time healing, 
whereas synthetic materials can only be used for short time healing, because the materials must 
eventually be removed to be replaced by live skin cells [MacNeil et al, 2007].  
In the development of a good material for tissue engineered skin, it is essential that the 
safety of the patients can be guaranteed, the clinical efficiency can be proved, and the use of this 
material is convenient. An ideal tissue scaffold should in theory have certain properties such as 
being biocompatible, have mechanical properties to match the tissue, have an appropriate surface 
chemistry and be highly porous with a network of interconnected pores that will allow cells to 
attach and be able to transport of nutrients and waste [Hutmacher et al, 2001]. A scaffold for tissue 
engineering with a large surface to volume ratio will have higher opportunities for the cells to attach 
and electrospun nanofibers have this property and are found to promote cell adhesion and migration 
[Min et al, 2004]. Read more about this in section 3.3. It is believed that the ideal wound-dressing 
should have certain characteristics: haemostatic, efficiency as bacterial barrier, absorption of excess 
wound fluids, provision and maintenance of a most environment, or appropriate water vapor 
transmission rate, and provision of adequate gaseous exchange, ability to conform to the contour of 
the wound area, functional adhesion – adherent to healthy tissue but non-adherent to wound tissue, 
painless to patient and ease removal, and low cost [Zhang et al, 2005A].  
Woven fabrics or porous layers of polymer such as collagen, chitin, and PLLA are 
used as wound-dressing, and a range of synthetic materials has been examined for their prospects 
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for wound-dressing, including hydrogels, chitosan, alginates, polyurethane or silicone foams and 
PCL[Kim & Yoon, 2008 & Ramakrishna et al, 2001]. It has been suggested that a membrane for 
wound-dressing should have pore sizes raging over 500-1000 nm in order to provide protection 
from bacterial penetration, and to provide a proper fluid management the surface area ranging over 
5-100 m2/g [Huang et al, 2003]. Polymer nanofibers have excellent gas-fluid exchange properties 
and provide protection from bacterial penetration [Huang et al, 2003]. A perfect wound-dressing 
should also have the ability to initiate, accelerate and control the repair of natural skin, and until 
now there is no synthetic material that is able to meet all these requirements [Ramakrishna et al, 
2001]. 
 
 Using electrospun nanofibers as scaffold for wound-dressing has many benefits such 
as: 
 
1. Hemostasis. 
Electrospun nanofibers have a high surface area with is believed to promote 
hemostasis without using a haemostatic agent, but only the physical features of the 
dressing. [Wnek et al, 2003 & Zhang et al, 2005A] 
2. Absorptibility. 
Because of the high surface area to volume ratio of electrospun fibers, they have 
higher water absorption compared to a typical film dressing. Therefore they will 
absorb wound fluids more efficiently, it has been reported that the water absorption 
can be between 17.9 and 213% where a standard film only absorb 2.3% water. Good 
absorptive properties of a scaffold will help maintain a moist environment [ Zhang et 
al, 2005A & Williams, 2007] 
3. Semi-permeability. 
The porous structure of electrospun fibermats will provide good respiration for the 
cells and does not lead to wound dehydration. This will give some control of the moist 
environment. At the same time the pores are so small that the fibers will protect the 
wound from bacteria invasion. [Huang et al, 2005; Khil et al, 2003 & Zang et al, 
2005A] 
4. Comformability. 
Fine fiber fabrics are easier to fit to a complicated 3D structure of a wound compared 
with thicker fibers, therefore electrospun fibermats will provide excellent 
conformability. 
5. Functionability. 
A most desirable function of the electrospun fibermats is that they can be made 
bioactive. They can be used to delivery system for a variety of viological agents such 
as drugs or other active components to the wound, which could improve the healing in 
a controlled way [Liang et al, 2007 & Zhang et al, 2005A]. 
6. Scar-free. 
It is believed to be possible to heal wound without leaving scars when using 
electrospun fibermats.  Even though this wound be hard to achieve a research group 
have been working on this, but this is still only a work in process [Zhang et al, 
2005A]. 
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Wound healing involves the ECM and requires growth factor expression at the injured 
site. Research groups have investigated gene therapy models for growth factor expression and 
wound healing. As an example, it has been demonstrate that non-viral delivery of plasmid DNA 
derived a growth factor, for ECM component deposition and vascularization in animal models. 
[Williams, 2007] 
 
3.3 Response of skin cells grown on non specific electrospun 
substrates 
 
 As described in section 3.1. several studies confirm that electrospun materials has 
great opportunities as a substrate for human cell growth, but it is also very important that the cells is 
able to form tissue and in time to develop into functional skin in order to act as a successful wound-
dressing.  
 Shnell and coworkers (2007) examined growth of fibroblast on electrospun PCL and 
PCL/collagen. As mentioned in chapter 3.1., fibroblasts is found in the lower dermal layer of the 
skin, but they are important cells to consider in all tissue repairs because the produce and secrete 
ECM molecules. Some of their results is presented on figure 3.7. Cells seeded on electospun PCL 
preferred to adhere to each other and form clusters (see figure 3.7a), where cells seeded on 
PCL/collagen adhered on the fibers (see figure 3.7b), this significant difference is also demonstrated 
on figure 3.7c. The number of adhered cells on either substrate is presented on figure 3.7d, and on 
figure 3.7e the cell viability is presented [Shnell et al, 2007]. So this study demonstrates that an 
electrospun substrate is able to orientate growth of fibroblasts, which is an important factor to 
consider in tissue formation. 
 
 
Figure 3.7. Shows the effects of electrospun PCL and PCL/collagen (C/PCL) fibers on fibroblast cells, the arrow 
marks the orientation on the fibers. (a) Cells seeded on PCL. (b) Cells seeded on PCL/collagen fibers, the arrow 
marks the orientation on the fibers. (c) The process length on the cells after 1 day (DIV1) and 7 days (DIV7). (d) 
Number of cells as a procentage of the sedding density. (e) Cell viability after 7 days. [Shnell et al, 2007] 
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Min and co-workers (2004) investigated electrospun silk fibroin for its potential use in tissue 
engineering; they did this by seeding normal human keratinocytes and fibroblasts on the produced 
fibermats. From their results it was possible to see whether some cells had adopted a flattened, 
polygonal shape with filopodia- and lamellipodia-like extensions, which can be conceded as 
spreading cells. The study revealed that the cells did not only adhere to the electrospun fibers but 
they also started to migrate through the pores and started to grow between the layers of fibers after 3 
days of culture.  It was also observed that the cells grew in the direction of the fiber orientation. 
From these results they concluded that electrospun silk fibroin may is a good candidate for wound 
dressing and other biomedical applications such as scaffolds for tissue engineering. [Min et al, 
2004]  
Khil and coworkers (2003) examined the potentials of electrospun polyurethane as a wound-
dressing on guinea pigs. A wound with a size of 1 * 1 cm2 were excised on the bag of the guinea pig 
and coved with an equal size of wound-dressing, and as a control they used the commercial dressing 
product TegadermTM. The dressings were changed every 3 days and after a period of 15 days the 
wound was dissected and examined. The results showed that the electrospun wound-dressing had 
good adhering to the surface of the wet wound. After 3 days the control shown severe infiltration of 
inflammatory cells whereas the wound coved with electrospun wound dressing only had a mild 
infiltration of inflammatory cells, and furthermore there were no accumulation of fluids in the 
wound. After 15 days both groups were fully epithelialized, but the control still a little 
inflammatory and the wound that was coved with electrospun wound dressing showed a more 
organized epitheliazation. The electrospun fibermats have proven to provide higher gas permeation 
and protection of the wounds from infection and dehydration and are believed to be a good material 
for wound-dressing. They concluded that the electrospun fibermats had controlled water 
evaporation, excellent oxygen permeability, promoted fluid draining and neither toxicity nor 
permeability to exogenous microorganisms was observed. They even confirmed that the 
epithelialization rate was increased. [Khil et al, 2003] 
Powell and Boyce (2007) performed a series of experiments on the possibility to regulate the 
morphology of dermal-epidermal skin grown on electrospun gelatin fibers.  On figure 3.8 is 
presented a stained cross section of the produced skin substitute with different gelatin 
concentrations, on picture A, B, and C well formed dermal and epidermal layers have been made, 
but the tissue on picture D with the highest gelatin concentration lacks a well formed epidermis 
layer.  Fibroblast cells were presents in all four concentrations, but the distribution varied. As the 
tissue matured the epithelium began to keratinize at the air-liquid interface and started to establish 
an actual epidermal barrier, which caused the surface to dry, this is shown with arrows on figure 
3.7. [Powell & Boyce, 2007] 
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Figure 3.8. Stained cross section of skin substitutes. (A) 10, (B) 12, (C)14, and (D) 16 wt/vol % gelatin scaffold 
after 14 days culturing. [Powell & Boyce, 2007] 
 
After going though a selection of studies on the subject of tissue formation on 
electrospun substrates it seems clear that electrospun polymers is not only able to act as a scaffold 
for skin tissue formation, but also that electrospun fibers gives better results when commercial 
wound-dressing, and furthermore it is a huge advantage that it is so easy and cost efficient to 
produce an electrospun fibermat.  
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4. Materials and methods 
 
 
In this chapter all major protocols which have been used in the production of modified 
and unmodified electrospun PCL fibermats are presented.  
 
4.1. Electrospinning of PCL 
 
 PCL (Mn 80.000 g/mol from Aldrich®) was dissolved in methanol (from J.T. Baker) 
and chloroform (from Riedel-de Haën®) (1:3 vol:vol) to 9wt% for 2-3 hours or overnight while 
stirring. For the electrospinning procedure the prepared solution was placed in a 10ml plastic 
syringe fitted with a 0,5 * 25mm needle and placed in a syringe pump model NE-100 from Multi-
PhaseTM. The needle was grinded to obtain a flat tip before it was attached to the syringe. The 
feeding rate of the pump was 2ml/h. The fibers were fabricated by electrospinning at an applied 
voltage of 11kV using a high voltage power supply. The entire electrospinning set-up was home 
made as described in chapter 2.1.1. The ground metal collector plate (8cm in diameter) was covered 
in aluminum foil and placed at a distance of 11cm from the needle tip. The collector plate was set to 
rotate at a non specific rate around 10.000rpm. The electrospinning was continued for 30min before 
collecting the fibermat. This resulted in round fibermats covering the entire surface of the plate. 
 
4.2. Integration of LDH clay into PCL 
 
 The clay is blended directly into the polymer solution by stirring overnight, this is 
especially important in order to get a good dispersion of the clay. Samples were made with 5wt% 
(of the PCL weight) and 10wt% clay. Then the solutions were electrospun under the same 
conditions as described earlier. A variety of clays was tested in this way, and it was decided to focus 
on the MgAlCO3 LDH. It was also tried to make blends with the clays cloisite 30B, hycite 713, 
sorbacid 944 and sorbacid 911 from Aldrich with success, but it was clear that samples with 10wt% 
did non work out, the fibers was very rough and uneven with very large diameters, compared to the 
samples with 5% which had a smooth surface and thinner diameters, these fibers can be seen in 
chapter 5.1. 
 
4.3. Production of GFP construct DNA 
 
 The CXCR4 – gfp plasmid (handed out by Thomas Kledal) with about 1000bp was 
transformed. First the ligation reaction was centrifuged and placed on ice and 25µl of One Shot® 
cells were thawed and also placed on ice. 1µl ligation reaction was pipetted directly into the vial of 
competent cells and plasmid. This mixture was incubated on ice for 30 minutes and then incubated 
for exactly 30 seconds in a 42oC water bath and placed on ice afterward.  125µl pre-heated S.O.C. 
medium was added to the vial and left for incubation for exactly 1 hour in 37oC in a 225 rpm 
shaking incubator. Then 50µl from the transformation vial and 50µl control cells were spread on 
separate kanamycin labeled LB agar plates and incubated overnight at 37oC. 
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 The next day one colony was selected and transferred in 100ml LB medium 
containing 100µl kanamycin antibiotica. The flask was incubated overnight at 37oC. 
 
 For plasmid DNA purification a QIAfilter Plasmid Maxi Kit from QIAGEN was used. 
First the cells were harvested by centrifugation at 6000g for 15 minutes at 4oC. Then the pallet was 
resuspended in 10ml Buffer P1 and 10ml of Buffer P2 were added and the vial was thoroughly 
mixed and incubated at room temperature for 5 minutes. 10ml of chilled Buffer P3 was added and 
mixed thoroughly, and then the lysate was poured into a barrel containing a QIAfilter Cartridge and 
incubated at room temperature for 10 minutes. While waiting, the QIAGEN-tip 500 was 
equilibrated by applying 10ml Buffer QBT and allowing the column to empty by gravity flow. Then 
the QIAfilter Cartridge was placed over the equilibrated QIAGEN-tip and the lysate was left to flow 
trough. The DNA is now present on the filter in the QIAGEN-tip. The QIAGEN-tip is then washed 
twice with 30ml Buffer QC. The DNA is then eluted with 15ml Buffer QF and collected in a 50ml 
tube. The DNA was precipitated by adding 10,5ml room temperature isopropanol and centrifuged at 
15000g for 30 minutes at 4oC. The pellet was washed with 5ml room temperature 70% ethanol and 
centrifuged again at 15000g for 10 minutes. The supernatant was carefully removed without 
disturbing the pellet. The pellet was air dried for about 10 minutes and the DNA was then dissolved 
in 350µl sterile water. 
 
 To determinate the yield; 5µl DNA solution was diluted with 95µl sterile water and 
measured on a UV spectrophotometer at 260nm. 
 A sample containing pure double-stranded DNA has an absorbance of 1 at 260nm, and 
then it contains approximately 50µg/ml of double-stranded DNA. Then the concentration of double-
stranded DNA in a solution with an unknown concentration can be calculated using the formula: 
 
Concentration of double-stranded DNA = 50µg/ml * OD260 
 
 
4.4. Plasmid DNA insertion into clay by ion exchange 
 
 This technique will exchange the interlayer cat- or anions of the clay by another cat- 
or anions in aqueous solution. 
 The procedure was performed by simply mixing a known amount DNA with an 
amount of LDH clay in demineralized water and left for 3 to 4 days at 37oC on a shaking plate. 
Then the solution was centrifuged and the DNA concentration of the supernatant was measured; this 
was done to avoid any UV damage of the DNA in the clay. After removing all the supernatant, the 
clay was resuspended in demineralized water in order to wash any DNA away that was not attached 
to the clay. Only a very small amount of DNA was removed in the washing procedure, which 
indicates that the DNA sticks well to the clay.  
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5. Results 
 
 In this chapter the results from all relevant experiments performed in this study are 
presented. The results include all observations and measurements obtained though this study. The 
discussions of these results are presented in chapter 6. 
 
5.1. Optimization and observations of electrospinning PCL fibermats 
 
 
 The electrospinning setup optimization developed by N. Harmankaya did not need to 
be changed. After learning to use the electrospinning machine properly it was possible to produce 
fibermats of a good quality, and the setup parameters used (see section 4.1) was also recommended 
in the literature (see section 2.1), so it was decided to use this setup without further experiments.  A 
variety of polymer composites with different types of clay was produced and in order to find the 
best suited clay to use a number of criteria had to be fulfilled. It was important that the clay was 
well dispersed in the PCL/clay solution in order to avoid fibers with clusters of clay on the fibers. 
Another criteria when choosing the right clay candidate was that it would be possible to used it as a 
carrier for DNA, so the choice came upon a MgAlCO3 LDH (see section 2.3.2). A total number of 
around 100 mats were produced with more or less success. A number of these did not turn out very 
well doe to problems with the syringe needle, the PCL solution had a tendency to cluster at the 
needle tip, but this problem was later avoided by grinding the tip of the needle flat. There was 
experimented with adding different concentration of clays to the PCL solution as mentioned in 
section 4.2. The blending time of the PCL/clay solution was also varied. A sample of a fibermat is 
presented on figure 5.1. 
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Figure 5.1. A photo of a PCL fibermat with 5wt% MgAlCO3 LDH still attached to aluminum foil. Spin time for 
this sample is 30 minutes. The sample is 8cm in diameter. 
 
Currently, there is no standard procedure of presenting the characterization of 
nanofibers in a systematic way, but the most often used method to characterize electrospun fibers is 
by the mean fiber diameter, and this is sometimes presented as a schematic presentation of fiber 
diameter distribution. Information about fiber morphology is typically obtained by SEM and/or 
transmission electron microscopy (TEM). In this study the SEM method has been used. 
 In this study it was chosen to use normal light microscopy to obtain an overview of 
the basic structure of the electrospun PCL mats. With a 10x magnification it is possible to see the 
overall structure of the fibers. It is possible to see that the fibers have a large variety of diameters, 
where the larger fibers can be seen in this picture and the smaller fibers can be seen as a vague blur 
in the background. When using a 20x magnification as presented on figure 5.2 it is even clearer that 
the fibers not only have different diameters, but also have all kinds of orientations.  
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Figure 5.2. Electrospun PCL fibers on a rotation collector plate. Taken with 20x bright field microscope. The 
fibers can be seen as fine treads with dark edges. 
 
 But whereas these microscope pictures only give an idea of the PCL fibers 
morphology; pictures obtained from SEM show a much clearer representation. On figure 5.3 an 
overview of the electrospun PCL fibers with higher magnification is presented , here it can be seen 
that the fibers are tangled together forming a web of fibers with random orientation. It is also 
possible to see a large variation in the pore size. 
 
 
Figure 5.3. SEM image of electrospun PCL fibers. The 20µm scale can be seen in the bottom left corner. 
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 In order to get a view of the surface of the individual fibers a higher magnification is 
used as presented on figure 5.4. The surface of the fibers is relatively smooth with only small 
irregularities. Furthermore it is important to note that no beads were observed in any pictures taken. 
 
 
Figure 5.4. SEM image of electrospun PCL fibers. The 2µm scale can be seen in the bottom left corner. 
 
 Furthermore by looking at the overall differences in the orientation of the fibers at 
different locations on the fibers collected on the rotation collector plate it seems that the fibers at the 
edges are more aligned compared with the fibers in the middle and the in-between space. This is as 
expected. This can be seen on figure 5.6. 
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Figure 5.6. 3 SEM pictures of electrospun PCL fibers from 3 different locations on the same fibermat. The top 
picture is from the middle, the middle picture is from the in-between and the bottom picture is from the edge. 
 
 In the end the procedure have resulted in fibermats with a diameter of 8cm, a 
thickness of about 1mm, without any beads, and a variety of fiber diameters and orientations. 
 
5.2. Characterization of electrospun PCL fiber diameter 
 
 Fiber diameters is one way of comparing the results with results from other studies. 
The best way to measure the electrospun fibers accurately was to use the pictures from the SEM and 
measure the diameters using the software Image J or Scion Image. In order to obtain the most 
accurate fiber diameters SEM pictures like figure 5.7 were used. 
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Figure 5.7. SEM image of electrospun PCL fibers. 
 
 The mean fiber diameters were measured on three different locations on the fiber 
mats; the edge, the middle and the in-between. Between 90 and 100 fibers were measured from each 
location. This was done to determine whether there is a difference when the fibers get more aligned 
and stretched at the edges because of the rotation collector plate. The results are presented on table 
5.1. There is a notable difference in fiber diameter when comparing the results from the edge with 
the two others, but the mean fiber diameter is about the same when comparing the results from the 
in-between fibers and the middle fibers.  
 
Table 5.1. The mean fiber diameter measured from the edge, the middle and the in-between of the electrospun 
fiber mats.  
 Mean fiber diameter notes 
Edge 1,09µm 
 
The fibers were more 
aligned, but also very 
tangled. 
In-between 1,29 µm 
 
The fiber diameters were 
more uniform. 
Middle 1,27 µm 
 
There were both many large 
and small fiber diameters. 
 
 The minimum diameters measured on the three locations are very alike at between 0,2 
and 0,3µm, but when looking at the maximum diameters it is very clear that there is a large 
difference, at the edge the max was 2,1µm, the in-between was 3,6µm and in the middle 8,2µm. 
The thickest fibers are unmistakably to be found near the center of the fibermat. This tendency can 
also be observed in the diagram on figure 5.8 where the fiber diameter distribution is shown. It has 
to be noted that only a few measurements higher then 2µm.  
 
45 
 
The diameter distribution of electrospun PCL fibers
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Figure 5.8. Diagram illustrating the electrospun PCL fiber diameter distribution of fibers measured in the 
middle, the in-between and on the edge of the fibermat collected on a rotating collector plate. 
 
 The distance between the individual fibers (pore size) varies up to about 10µm. It was 
not possible to measure an exact distance, because it was hard to determine were to measure this 
distance. 
 
5.3. Integration of clay into PCL 
 
 It was decided to focus on two different clays, one was the montmorillonite Cloisite 
30B® and the other was an unmodified LDH MgAlCO3. Both were integrated into a PCL solution 
by stirring before electrospinning. When looking at the fibers containing clay and comparing them 
to pure PCL fiber, the clay containing fibers seemed to have a rougher surface based on a visual 
examination, but when examining them in a microscope it was not possible to see any differences. 
In order to be sure that the clay was still present in the fibers it was necessary to perform a TGA on 
the fibers. The result is shown on figure 5.9, were it can be seen that there is a weight % difference 
between PCL containing 5% and 10%. Unfortunately the plot does not contain data from pure PCL, 
so it is not possible to calculate the exact percentage of clay present. It has to be noted that the TGA 
does not show whether the clay is intact. 
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Figure 5.9.: TGA plots obtained from heating electrospun PCL nanofibre mats containing either 5 or 10% 
Cloisite® 30B modified montmorillonite clay from Rockwood Specialties, Inc. Experiments were run at a heating 
rate of 10
o
C/min from ambient to 600
o
C under nitrogen in a TA Instruments Q 500 TGA machine. The residual 
weight percentages at temperatures in excess of 400
o
C reflect the presence of the non-thermally degradable 
inorganic material in the electrospun nanofibres. It is assumed that PCL with out clay would be zero. The weight 
of the samples decreases rapidly just after around 325 
o
C and stabilized after 400 - 425 
o
C. 
 
5.4. Integration of DNA into the LDH interlayer 
 
 The production of DNA plasmid containing GFP was successful, but it was not 
confirmed that the plasmid contained the GFP gene. The DNA concentration was measured to 
0,844µg/µl and the total amount of produced DNA was 40µl. 
 
 After mixing LDH and DNA the samples were centrifuged and the DNA left in the 
supernatant was measured. In this way, it was possible to estimate the amount of DNA left with the 
LDH. It has to be noted that the LDH/DNA was also washed before measuring. Control samples 
without DNA were treated the same way as the LDH with DNA. The DNA concentration of the 
supernatant was measured by UV.. The results can bee seen in table 5.2. 
 
Tabel 5.2. Results from the production of LDH/DNA hybrids via ion exchange. 
experiment Amount DNA Amount LDH Estimated DNA 
concentration in the 
LDH/DNA hybrid 
Amount of DNA/mg 
LDH 
1 100µg 12,1mg 75µg/ml 11,9µg 
2 75µg 10,2mg 27µg/ml 4,7µg 
3 150µg 100mg 4µg/ml 1,5µg 
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 The washing procedure showed that the DNA was very well attached to the LDH, 
only very small amounts of DNA were measured in the wash. 
 Furthermore it is important to note that the DNA concentrations are only approximate 
values, due to the fact that the volumes were very small and it was not possible to do a large amount 
of tests that would be necessary, in order to get more accurate results. 
 These tests only show that it was possible to produce a LDH/DNA hybrid, but in order 
to find out whether the DNA is attached to the surface of the clay or is placed in the interlayer it is 
necessary to perform a XRD test. 
 
 XRD was carried out at KU-LIFE on a sample of unmodified MgAlCO3 LD and a 
sample modified with DNA, the results are presented on figure 5.10. The first peak at around 13,5 
describes the d-spacing (length) of the LDH interlayer, which is calculated to approximate 7,7nm 
for both samples. The second peak at around 27 describes the ½ d-spacing of the LDH interlayer. 
The results from both samples are almost identical which indicates that it is likely that the DNA is 
not located in the interlayer space of the LDH; but rather on the surface. 
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Figure 5.10. Diagram from XRD of a sample of MgAlCO3 LDH with and without DNA. 
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6. Discussion and conclusion 
 
 
In recent years biodegradable polymers have attracted more and more interest due to their 
interesting properties; especially nanocomposites have proven to increase these properties even 
further. It is agreed that polyesters are a very promising material for biomedical applications like 
tissue scaffolds. Polyesters such as PCL have been firmly tested for their abilities as a material for 
biomedical applications. This polymer is well tested and relatively easy to work with and 
manipulate in different ways. Furthermore, PCL has shown to be promising as a controlled drug 
release system. PCL has a very low Tg and also a low melting point , which in some cases could be 
a handicap in some applications. Therefore, PCL is generally blended or modified, which is also 
carried out in this study, where the PCL has been modified successfully with 5wt% LDH clay. 
PCL is known to be biodegradable in the human body, which is essential in order to uses of 
PCL as a tissue scaffold. When the scaffold is degraded by the human body there will be no need 
for a second operation to remove the scaffold when its function has been fulfilled. But at the same 
time there must not be any toxic byproducts left behind by the scaffold after degradation, and as 
described in chapter 2.2 PCL is able to fulfill these criteria. 
 
Clays are commonly used as a material to produce composites and studies on clays 
including LDHs for biological applications are carried out, read more in section 2.3. Among them, 
researches on novel clay/bio hybrids that combine efficient and safe transport carriers for 
biomolecules. 
LDHs are able to take up and carry many different biomolecules with negative charge such 
as single or double stranded DNA. DNAs have a great deal of application potential in various fields; 
however, DNA strands are very vulnerable to degradation and denaturation during manufacture 
processes and storage. But it has been demonstrated that DNA can be taken up and carried by LDH 
clay and be safely protected against harsh conditions like an acidic environment. 
 
The advantage of electrospinning is that it is simple, economical and relatively easy when 
producing nanoscale fibers from polymers, which is confirmed by this study. Electrospinning is 
believed to promote increased biocompatibility of the scaffold. The nanoscale diameters of 
electrospun fibers introduce properties like increased surface to volume ratio which is very 
important in tissue scaffolds. Studies aimed at creating wound-healing scaffolds through 
electrospinning have relied on these properties of the electrospun material. 
 
The biocompatibility of electrospun nanofibers is believed to be excellent for a variety of 
cell culturing. Imitation of the natural in vivo environment for human cells has to be as close as 
possible when designing scaffolds for tissue engineering, and electrospun polymer nanofibers have 
shown to emulate the natural ECM, as described in sections 3.1 and 3.3.  
 Studies of cell behavior on the nanofiber scaffold show that a range of cell types 
proliferated well on the nanofibers, and maintained a normal phenotypic shape. Overall, this study 
strongly supports in chapter 3.2 and 3.3 that the biocompatibility of the electrospun PCL nanofibers 
will sustain tissue growth and has a great potential as an application for tissue engineering. Further 
studies should be done in order to optimize the electrospun nanofibrous scaffold, as well as to 
understand the interaction between cells and the nanofibrous extracellular matrix at the molecular 
level. A study [Li, 2003] has observed that the growing cells after a period of time will begin to 
produce their own ECM, which in time will be able to take over when the fibermat disintegrate.  
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When developing a dermal-epidermal skin substitute, which will be effective for wound 
dressing, the cellular organization and maturation processes are essential.  It is important for the 
scaffold to be able to guide the growing cells to form a thick and well layered epithelium which can 
act as a barrier to prevent loss of fluids and infection of the wound. This study has shown how the 
morphology of a scaffold appears to be able to control cell organization. This is done by controlling 
not only the fiber diameters but also more importantly the interfiber distances of the electrospun 
fibermat. If the interfiber distance is too small, then the cells will not be able to migrate between the 
fibers to form a 3D tissue and if the distance is too large the tissue will be poorly formed. 
When considering the literature it seems that most of the tested scaffolds are capable to 
sustain some level of cell growth and attachment. So the issue is to find the best suited material for 
the tissue in mind, and this can only be done by testing all kinds of materials under different 
conditions and using different cell types. The material does not only have to be an excellent growth 
template but it has to be relatively easy to produce on a larger scale and not be too expensive. It also 
seems that different cell types prefer different substrates. So it is important to find the best suited 
scaffold for the cell types in mind. 
This study clearly shows that a variety of human cells is able to proliferate, migrate, and 
even form a tissue on electrospun polymers, but most of these experiments are done in vitro, only 
one investigation[ Khil et al, 2003] (as far as I know) have been done in vivo. Cells grown in vivo 
will rely on blood capillaries for transport of nutrients and wastes , so even though all these studies 
shows very promising results, it is important to consider taking this a step further and test this 
theory in vivo, otherwise it will not be possible to know if electrospun polymer scaffolds will work 
as a proper medical application. 
 
 When using the elctrospinning method, it is important to know how to control the 
procedure. One observation was that the diameter of the needle and the shape of the needle tip are 
important to avoid clogging. In this study a needle with a diameter of 0,5mm was used with 
success. No beads were observed during the experiments. The tip of the needle should be plane to 
avoid clusters at the needle. However, it was not possible to acquire this type of needle, so the 
needle tip had to be grinded. Other ways to control the diameter of the electrospun fiber is to 
manage both polymer concentration and electrospinning voltage; thinner fibers would be achieved 
by lower polymer concentration and higher electrospinning voltage 
 A concern was that using a rotation collector plate with a rotation of 10.000 rpm 
would result in breakage of the fibers, but this was not the case. To my knowledge a speed as high 
as 10.000rpm has not been described before in the literature, but it has been suggested that there 
would be a limit to rotation speed. By using a rotating collector plate is was possible to obtain a 
larger and more uniform fibermat compared to fibermats produced with of a rotating collector plate, 
but as expected, the fibers had different characteristics in the center and at the edge of the mat. In 
the center the fibers would not be stretched to the same degree and therefore were thicker, 
compared to the fibers at the edge. The orientation was also influenced by the rotating plate, as 
expected; the fibers were more aligned at the edges. The advantages of using a rotating collector 
plate is that it is possible to produce fibermats with larger areas, which is an important factor to 
consider when taking this to a commercial production level, and there is also the possibility to get a 
higher degree of control over the alignment of the fibers.  The fact that using a rotating collector 
plate will produce thinner fibers may not be very important when considering tissue engineering 
purposes, but might be useful in other applications. 
 One of the biggest problems was clustering of polymer solution at the needle tip, 
which would result in large clusters of polymer on the fibermat. Sometimes the needle would be 
blocked by the clotting polymer and then the process had to be stopped and the needle be replaced. 
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Another problem was that the tubing did not fit the syringe properly and as a result it would from 
time to time fall apart and the process would have to be restarted. These problems might be solved 
by using a commercial electrospinning machine. 
 In order to characterize the PCL fibermats, light microscopy and SEM were used. It 
was quick and easy to use the light microscope to examine the overall appearance of the fibers’ 
orientation, and looking for beads and other anomalies, but it was not possible to determine the fiber 
diameters or the surface of the fibers. Pictures from SEM made it possible to not only measure the 
diameters, but also to see the surface of the individual fibers. As presented in the results, the fiber 
diameters were rather wide in range, but as the literature suggests, it might very well be an 
advantage as long as the fibers are not over a certain diameter. It seems that cells seeded on 
electrospun mats grow just as well on very thin fiber as on bigger fibers, so when a fibermat has a 
variety of fiber diameters, it might be possible for a variety of cell types to grow on the same mat, 
because different cell types would have different sizes and would prefer different fiber diameters. 
 
Collected fibermats showed randomly arranged fibers forming a three-dimensional 
architecture with large interconnected pores. Overall the fiber morphology was uniform, with lack 
of beads.  
Unfortunately it was only possible to measure between 90 and 100 fiber diameters from each of 
the three locations on the fibermat. It wound have given a far more accurate fiber diameter 
distribution if it was possible to measure a much higher amount. So the results from the 
measurements of the fiber diameters will only give an idea of the distribution. 
The diversity of fiber morphology and topology produced by electrospinning requires some sort 
of standardization for their characterization in order to be able to compare results better. It is most 
likely that this would include spinning conditions and fiber diameters.  
 Furthermore, it has come to my attention that besides the fibers diameters, the distance 
between the fibers are just as important regarding cell growth and tissue formation. It was difficult 
to determine a mean distance between the fibers, because it was hard to see where to measure these 
distances. But it was possible to estimate that the distances were very varied up to about 10µm. 
According to the literature the distance between the fibers should between 5 and 10µm, which fits 
very well to the produced fibermats. 
  
 In order to obtain a good dispersion of clay in the PCL/clay fibermats it was essential 
to let the solution stir at least over night. When stirring for only a couple of hours the solutions 
seems to be uniform, but after spinning the solution into fibers it became clear that the clay was not 
dispersed properly, the fibers would have a very rough surface filled with clusters of clay. 
Treatment with ultrasound was also tried, and the PCL/clay solution was treated with ultrasound 5 
times for 5 seconds. This method seemed to work, but the positive effect seemed to disappear again 
after some time and the blend would star to produce sediment. It was decided that stirring the 
solution overnight was the best and easiest method to use when mixing PCL and clay. 
The best amount of clay to add to a polymer is generally limited to about 5wt%, and this 
was also observed in this study after trying to produce 10wt% cloisite 30B® PCL fibermats. With a 
10wt% clay amount in the PCL solution the produced fibermats were filled with clusters and even 
after stirring the PCL/clay solution over a couple of days the result was the same. Even though the 
cloisite 30B® gave good results it was not possible to continue using this clay when it was decided 
to work with incorporation of DNA. It is only possible to incorporate cations in the cloisite 30B®, 
so it was decided to continue with the experiment using LDH clay, where it is possible to 
incorporate anions. The LDH gave much the same results when mixing it with a PCL solution and 
electrospinning. 
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 When mixing LDH and DNA I had to rely on the ion exchange process to work, in 
order to produce a LDH/DNA hybrid. The method has not been described in detail in the literature, 
so I had to guess which concentration to use, and I was also limited to only a few tests because only 
a very small amount of DNA was available. A small sample of LDH/DNA was produced and to 
find the DNA concentration in the hybrid; the discarded supernatant was tested for presence of 
DNA by measuring the solution. 
 The greatest concern was whether the DNA adhered to the surface of the clay or in the 
interlayer space. To solve this problem the LDH/DNA can be tested with XRD, where it is possible 
to measure the distance of the interlayer space, and by comparing this distance with a LDH sample 
without DNA it can be determined if the distance has changed. From the XRD results it was clear 
that the DNA was not located in the interlayer space, but that it was likely located on the surface of 
the clay. Another way to find out whether the DNA is present or not is to examine a sample with IR 
spectroscopy.  It came to my attention that the reason why the ion exchange process was not 
successful was that the CO3 located in the interlayer space is very strongly bound and it is very 
difficult to remove the CO3 with a simple ion exchange process. If I was going to use the ion 
exchange procedure I should have use another LDH with NO3
- in the interlayer space, because NO3 
is not as strongly bound and it would have been possible to remove the NO3 during an ion exchange 
process. Another possibility was to use the reconstruction method where the MgAlCO3 LDH could 
have been used. This method works by exploiting the memory ability of the LDH by heating the 
sample in order to remove the CO3 and then replacing it with the DNA, then the LDH will re-create 
its original structure with DNA present in the interlayer.   
 Another problem is that I do not know how well the DNA sticks to the clay. If it sticks 
too well, it will not be possible to release the DNA again. But on the other hand; if it does not stick 
well enough I might lose the DNA too soon. This would have to be tested. 
 
When using PCL and other polyesters as a scaffold or substrate for cell growth it will provide a 
mechanical stability that will allow it to be used for medical purposes such as wound dressing. One 
might think that it would be an advantage to make a scaffold from some of the natural ECM’s 
proteins such as collagen, and that seems to be true, but such a scaffold would be too fragile to use 
in practical applications. So as studies suggest a solution might be the use a polyester like PCL with 
will provide the mechanical strength and blend or coat it with for example collagen to provide 
enhanced cell attachment. 
 Another way to enhance the properties of PCL seems to use a clay to produce 
composite fibers. As studies show clays blended with a polymer is able to form a more ordered 
morphology and will increase the composite materials mechanical properties even more. A 
composite material from PCL and a clay will also significantly improve the biodegrability 
compared with pure PCL, this is an advantage then using it for biomedical applications. 
 When using clay to produce a composite polymer material, it is interesting to consider 
to use the incorporated clay as a carrier for a biomolecule as described in chapter 2.3.2. When 
combining both the clays ability to enhance the material properties and also the ability to use it as a 
carrier, a range of new opportunities arise. As this study have investigated it is very likely that it 
will be possible to carry out such experiments. 
 
 Nanobiocomposites usefulness is no longer in question, and more and more reports 
are focused on biomedical application, etc. Moreover, since industry is concerned with sustainable 
development and the production cost of biopolymers goes on decreasing, which will allow 
development of biopolymers based materials, such as the nanobiocomposites. These synthetic 
52 
 
polymer based nanocomposites will be technically and economically competitive and will open a 
new dimension for the plastic industry. 
 
6.1. Conclusion 
 
PCL fibermats were fabricated by electrospinning using a CHCl3 and CH3OH (3:1) solution. 
The fibermat consisted of uniform and randomly orientated fibers forming a 3D environment. After 
a thorough literature study it can be concluded that the fibermats are suitable to use in biomedical 
applications due to their high surface area, biodegradability and very low toxicology.  
 Furthermore, DNA has been incorporated into MgAlCO3 LDH clay by ion exchange, 
obtaining a LDH/DNA hybrid that was examined by XRD which showed that the DNA was located 
on the surface of the LDH. This result leads to a discussion about further experiments needed and it 
appears very likely, that it is possible to obtain a new way for transportation of biomolecules via 
electrospun composite polymer fibermats. 
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